Background: Perinatal cerebral hypoxia-ischemia (HI) can lead to severe neurodevelopmental disorders. Studies in humans and animal models mainly focused on cerebral outcomes, and little is known about the mechanisms that may affect the brainstem and the spinal cord. Dysfunctions of neuromodulatory systems, such as the serotonergic (5-HT) projections, critical for the development of neural networks, have been postulated to underlie behavioral and motor deficits, as well as metabolic changes. Methods: The aim of this study was to investigate brainstem and spinal cord functions by means of plethysmography and sensorimotor tests in a neonatal Rice-Vanucci model of HI in mice. We also evaluated bioaminergic contents in central regions dedicated to the motor control of autonomic functions. results: Mice with cerebral infarct expressed motor disturbances and had a lower body weight and a decreased respiratory frequency than SHAM, suggesting defects of brainstem neural network involved in the motor control of feeding, suckling, swallowing, and respiration. Moreover, our study revealed changes of monoamine and amino acid contents in the brainstem and the spinal cord of HI mice. conclusion: Our results suggest that monoaminergic neuromodulation plays an important role in the physiopathology of HI brain injury that may represent a good therapeutic target. i t is well documented that most cases of term neonatal encephalopathy are highly related to hypoxic-ischemic (HI) brain injury that occurs in utero or during delivery from a variety of intrapartum conditions (1). HI causes a combination of white and gray matter damage. Enlarged ventricules, loss of vulnerable oligodendrocyte progenitor cells, periventricular leucomalacia, astrogliosis, and microgliosis are typical features of HI damage (1,2). The neurological outcome in surviving children is variable, ranging from mild cognitive impairment to major disabilities including cerebral palsy, behavioral disorders, and motor deficits (3). Early MRI with diffusion tensor imaging in neonates after HI is increasingly used to obtain clinical information noninvasively and follows the brain injury (4). It is well established that there are volumetric reductions in certain brain areas of HI preterm infants including the thalamus, basal ganglia, and cerebral cortex. Only a few studies have examined neuronal injury in the brainstem in human neonates (5) or in animal models (6). Until now, no investigation has focused on the possible spinal cord defects following HI.
i t is well documented that most cases of term neonatal encephalopathy are highly related to hypoxic-ischemic (HI) brain injury that occurs in utero or during delivery from a variety of intrapartum conditions (1) . HI causes a combination of white and gray matter damage. Enlarged ventricules, loss of vulnerable oligodendrocyte progenitor cells, periventricular leucomalacia, astrogliosis, and microgliosis are typical features of HI damage (1, 2) . The neurological outcome in surviving children is variable, ranging from mild cognitive impairment to major disabilities including cerebral palsy, behavioral disorders, and motor deficits (3) . Early MRI with diffusion tensor imaging in neonates after HI is increasingly used to obtain clinical information noninvasively and follows the brain injury (4) . It is well established that there are volumetric reductions in certain brain areas of HI preterm infants including the thalamus, basal ganglia, and cerebral cortex. Only a few studies have examined neuronal injury in the brainstem in human neonates (5) or in animal models (6) . Until now, no investigation has focused on the possible spinal cord defects following HI.
Moreover, dysfunctions of some neuromodulators, such as the serotonergic system (5-HT) that is critical for the development of neuronal networks have been postulated to underlie behavioral and motor deficits (7) . In addition, dysfunction of 5-HT neurotransmission is implicated in a host of physiological, metabolic, and behavioral changes in disease states such as epilepsy, Rett syndrome, Prader-Willi syndrome, and sudden infant death syndrome (8, 9) .
The aim of this study was to investigate HI damage and the neurotransmitters system in the brainstem and the spinal cord in a model of neonatal HI in mice. We used the RiceVanucci model (10) of HI to investigate 1 and 2 wk after the HI insult the neurological outcome evaluated by multiple approaches such as sensorimotor and behavioral tests (11) . We also performed high-performance liquid chromatography (HPLC) measurements of monoamines and amino acids levels in the brainstem, in the pons and the medulla, and in the spinal cord. We extended our study to the juvenile mice (2 wk after the HI insult) to determine whether the early dysfunctions persist. We investigated respiration, an activity that is generated and modulated by nuclei within the brainstem (12) , by means of plethysmographic recording 1 and 2 wk after the insult.
Our results show that a HI insult on postnatal day 7 induces changes to the 5-HT, noradrenaline (NA), and dopamine (DA) contents in the brainstem and the spinal cord. γ aminobutyric acid and glutamate contents are also affected in the brainstem. The sensorimotor assessment revealed early and long-lasting motor disturbances after HI insult. To conclude, our results suggest that neuromodulator disturbances occur after HI and may be involved in the motor deficits observed after HI brain injury. The neurotransmitter homeostasis needs to be finely Articles Bellot et al.
tuned after such insult and can represent a good therapeutic target to restore the function of different systems within the brainstem and the spinal cord after HI.
RESULTS
Cerebral HI produced extensive cortical and subcortical cerebral infarcts ipsilateral to the cauterized carotid artery. After behavioral assessment, animals were sacrificed and their brain dissected out (Figure 1) . The volume of the infarct being highly variable (13), we defined different populations: SHAM, animals with and without cerebral infarct respectively (Figure 1a,b) . In this study, we focused on animals presenting massive ipsilateral hippocampal and cortical (Figure 1a) damages as revealed by triphenyl-tetrazolium chloride staining and previously reported by Stone et al. (14) .
Early Postural Deficits
Short-term neurofunctional outcome has been previously described in details 1 and 24 h after the HI insult (13) . Here, we confirmed that mice with cerebral infarcts (HI mice) have impaired righting and cliff aversion reflexes. We analyzed spontaneous locomotion by counting the number of steps after tail stimulation. Mice with cerebral infarcts (n = 20) had a significantly reduced mobility compared with mice without cerebral infarcts (n = 11) or SHAM (n = 22; 2.5 ± 0.3 vs. 4.8 ± 1.3 and 7.2 ± 1.8 steps, respectively, Tukey test, P < 0.05). We then investigated the posture in mice with cerebral infarcts as described by Pflieger et al. (15) . The angle between the foot axis (toe-heel) and the body axis (navel-anus line) was measured for the left and right feet (αL and αR, respectively, Figure 2a) . These angles were used to estimate the "postural stability" (Figure 2b ) and "postural asymmetry" (Figure 2c ). We found 
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Articles that the postural stability was reduced in mice with cerebral infarct (n = 12) compared with SHAM (n = 6; 47 ± 8 vs. 76 ± 11, t-test, P < 0.05), but postural asymmetry was similar.
We investigated the brainstem function such as respiration and feeding (as revealed by body weight increase). The respiratory frequency, measured by means of plethysmography, was significantly lower in mice with cerebral infarct (n = 61) compared with SHAM (n = 39; 237 ± 5 vs. 259 ± 7 c/min, t-test, P < 0.01). The tidal volumes as well as the variability of the breathing cycle were not significantly affected at all ages.
Long-Lasting Motor Deficits
One and two weeks after the HI insult, mid-and long-term motor dysfunctions were investigated. Locomotor function was assessed using beam walking and vertical climbing tests. Mice with cerebral infarcts (n = 4) traveled a shorter distance on the beam compared with mice without infarct (n = 12) or SHAM (n = 12; 7.5 ± 3.2 cm vs. 40.4 ± 9.8 cm and 77.5 ± 4.7 cm, respectively, Tukey test, P < 0.001, Figure 3a) . They also had an increased number of hind limb slips (Tukey test, no difference, Figure 3c ). The ability of the mice with cerebral infarct to climb was also affected, that is, 67% of the mice with infarcts did not climb whereas all the SHAM climbed. Moreover, mice with cerebral infarcts that presented a postural abnormality also exhibited a cycling behavior 1 wk after the infarct (χ 2 test, P < 0.01, Figure 2d ). At this stage, the respiratory frequency was lower in mice with cerebral infarct compared with SHAM (278 ± vs. 302 ± 9 c/min, t-test, P < 0.05, n = 43 and n = 15 respectively, Figure 4a ). We repeated the same test on juvenile mice (P21), and the motor deficits observed 1 wk after the HI insult persisted. Mice with cerebral infarct (n = 12) traveled a shorter distance on the beam compared with SHAM (n = 14; 22.9 ± 7.5 vs. 89.3 ± 0.7 cm, Tukey test, P < 0.001, Figure 3b ). The number of hind limb slips was significantly increased compared to SHAM (5.1 ± 0.9 vs. 0.3 ± 0.2, n = 12 and n = 14 respectively, Tukey test, P < 0.001, Figure 3d) . However, the mice without infarct (n = 11) traveled the same distance as the SHAM. The ability of the mice with cerebral infarcts to climb remained affected, that is, 70% of the mice with infarcts did not climb (n = 12). The respiratory frequency remained also lower in mice with cerebral infarct (n = 10) compared with SHAM (n = 4; 279 ± 17 vs. 315 ± 20 c/min, Figure 4a ). As an assessment of feeding, suckling, and swallowing, we weighed the mice on the day of surgery as well as 1 and 2 wk later. The weight in the three groups increased significantly with age (P < 0.01, nonparametric Spearman test). However, the slopes of the lines differed significantly, showing that the weight increase was significantly larger in SHAM. The difference between the HI with cerebral infarct (n = 26) and the SHAM group (n = 31) became significant on the day after the brain injury, and the weight of HI animals remained lower at all ages (at P8, 3.51 ± 0.11 vs. 4.41 ± 0.11 g, P < 0.001; at P14, 5.22 ± 0.14 vs. 6.53 ± 0.19 g, P < 0.001; and at P21, 6.20 ± 0.41 vs. 9.1 ± 1.0 g, P < 0.001, Tukey test, Figure 4b ). There was no significant difference between mice without infarct and SHAM.
Bioaminergic Disturbances in the Brainstem and the Spinal Cord of HI Mice
DA, NA, and 5-HT contents were evaluated by HPLC in the pons, medulla, and spinal cord of mice with cerebral infarct (n = 7) and SHAM (n = 9). 5-HT, NA, and DA contents were not affected in the pons of mice with cerebral infarct. 5-HT contents were increased in both the medulla (170 ± 7 vs. 138 ± 7 µmol/l, Mann-Whitney test, P < 0.05) and the spinal cord (50 ± 4 vs. 26 ± 3 µmol/l, Mann-Whitney test, P < 0.001) of mice with cerebral infarcts (Figure 5a,b) . DA and NA contents were also affected but only in the spinal cord: NA contents were significantly increased (65 ± 3 vs. 45 ± 4 µmol/l, MannWhitney test, P < 0.01, Figure 5b ), whereas DA contents were significantly decreased (9 ± 1 vs. 6 ± 2 µmol/l, Mann-Whitney test, P < 0.05, Figure 5b) .
We assessed the turnover of 5-HT by calculating the ratio 5-HIAA/5-HT. The ratio 5-HIAA/5-HT was significantly decreased in all structures examined (2 ± 0.1 vs. 2.6 ± 0.2, Mann-Whitney test, P < 0.05 in the pons; 1.54 ± 0.08 vs. 2.22 ± 0.11, Mann-Whitney test, P < 0.001 in the medulla and 1 ± 0.1 vs. 2.4 ± 0.2, Mann-Whitney test, P < 0.001 in the spinal cord, Figure 5c ).
We then investigated the γ aminobutyric acid, glutamate, and aspartate contents in the same structures. The levels of all three amino acids were decreased in the medulla of mice with cerebral infarct (45 ± 2 vs. 36 ± 3 µmol/l respectively, Mann-Whitney test, P = 0.05; 1151 ± 68 vs. 770 ± 67 µmol/l, Mann-Whitney test, P < 0.01; 151 ± 5 vs. 111 ± 10 µmol/l, Mann-Whitney test, P < 0.01, Figure 6 ).
DISCUSSION
Neonatal cerebral HI is an important cause of brain injury that leads to high rates of mortality or long-term neurological morbidity. HI injury in 7-d-old mice induces cognitive deficits and impairs motor performance (16) . Here, we confirmed that sensorimotor reflexes are affected 24 h after HI insult as previously described (13) . We extended our study of motor functions 1 and 2 wk after the insult. Our results revealed that 1 wk after the cerebral infarct, mice had a lower performance in the beam-walking test (shorter traveled distance and higher number of hindlimb slips). We showed that feeding behavior as well as respiration is also affected. Finally, we correlated these motor defects with HPLC measurements in the brainstem and in the spinal cord 1 wk after the infarct. Our results showed that monoamine as well as amino acid contents were 
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Articles disrupted. Taken together, we propose that disruption of the 5-HT system in the brainstem and the spinal cord may account for the motor defects observed in HI mice.
Possible Brainstem Dysfunctions
Feeding and respiration are vital functions for newborns and children. These complex motor functions originate from central pattern generator localized in the brainstem (8, 12) which is vulnerable to HI (17) . The respiratory center is located in an area within the brainstem called the pre-Bötzinger complex which is continuously modulated by endogenous bionamines (8) .
Here, we investigated the respiratory function in HI mice 1 wk after the brain infarct. Plethysmographic recordings revealed a depressed respiratory frequency suggesting a dysfunction of the respiratory network and its bioaminergic modulation since 5-HT contents were modified in the medulla. However, we do not know whether neurons of the central pattern generator for respiration are affected by HI. Brainstem involvement in hypoxic or hypotensive brain damage is acknowledged, and infants with birth asphyxia have respiratory failure and are more vulnerable to sudden death syndrome (18) . Then, we weighed the mice to revealed feeding problems. HI mice had a lower body weight compared with SHAM, which suggests that the motor control of feeding, suckling, or swallowing within the brainstem (19) might be affected which is in agreement with observations made on preterms or neonates who suffered from HI encephalopathy (17) . The brainstem is a typical site of injury, and brainstem injury is considered a key predictor of death in term and preterm infants with severe HI encephalopathy (4). Sixty-five percent of children who survive after the neonatal period have feeding impairment (20) . Altogether, feeding as well as respiratory impairments are linked to the presence and the severity of injury revealed with MRI (20) . In our study, we did not reveal macroscopic lesions of the brainstem which has however been reported in children with HI (21). Our HPLC measurements clearly showed that the monoaminergic and amino acids systems within the brainstem and the spinal cord are affected. It is important to note that brainstem injury is presumably secondary to primary injury events in the forebrain because the brainstem is outside the vascular field of the carotid artery and would not be affected by immediate changes in perfusion after carotid coagulation or ligation (22) . Two phases can be defined after neonatal HI insult: first, an early phase within 24-48 h, during which excitotoxic damages causing calcium overload occur, leading to cell death.
High levels of free radicals also cause irreversible injury. Then, a second phase that can last for weeks or months takes place. During this phase, increased number of activated microglia, astrogliosis, and increased levels of proinflammatory cytokines have been described and identified as features of neuroinflammation (for review, see Buller et al. (6) ). Furthermore, inhibition of neuroinflammation in the forebrain but not in the brainstem reduces the HI-induced raphé 5-HT losses (23). 5-HT raphé fibers projecting to the forebrain but not fibers that project to the medulla and the spinal cord (fibers from the raphé magnus, palidus, and obscurus) are disrupted after HI (6, 24) . We then proposed that the release of 5-HT in the medulla and the spinal cord might be affected since the 5-HT contents were modified in these regions after HI. Since a local neuroinflammatory response in the brainstem does not seem to account for the observed changes (23), it is conceivable that other mechanisms dependent on neural connections or neural excitability may account for remote secondary injury in the brainstem. Yet, raphé neurons not directly affected by HI could express differential activity due to changes in their close environment. Thus, the mechanisms that might be responsible for these changes need to be investigated.
Disturbances of the 5-HT, NA, and DA System in HI Mice
The monoaminergic systems such as serotonergic innervations, develop very early during gestation and is one of the first neurotransmitter to appear in the developing brain (25) . Its trophic action is particularly important for the maturation of neuronal networks such as the locomotor circuitry, the suction-swallowing pattern, and the respiratory network (26) . The vulnerability of raphé serotonergic neurons to HI depends on their rostrocaudal distribution. It has been recently reported that 5-HT cortex-projecting neurons were decreased in the dorsal, ventrolateral, and ventral raphe nuclei after HI at P3 (6).
Other raphé nuclei may survive because they project to other brain regions that are not directly affected by HI. However, in this study, we showed that 5-HT, NA, and DA contents are significantly affected in the brainstem and the spinal cord in mice with cerebral infarcts. We performed HPLC measurements in mice with similar infarct injury to minimize variability of the neurological outcome (13) . Moreover, the 5-HT turnover is significantly affected in the pons, the medulla, and spinal cord of HI mice. In other studies, where the 5HIAA concentrations in the cerebrospinal fluid (27) and monoamine oxidase activity in platelets (27) were abnormal such as the Prader-Willi Figure 6 . Disturbances in amino acid content in mice with cerebral infarcts. Histograms illustrating the level of (a) γ aminobutyric acid, (b) glutamate, (c) and aspartate in the medulla of SHAM (white fill, n = 9) and of hypoxia-ischemia (HI) mice with cerebral infarcts (black fill, n = 7) (Mann-Whitney test, **P < 0.01). Articles Bellot et al.
syndrome respiratory defects have been observed (28) . Taken together, perinatal depletion or excess of 5-HT (8,15) results in dysfunctions of neural networks. The 5-HT system is not the only one vulnerable to HI and specific loss of catecholaminergic neurons has been previously described following HI at P3, in the ventrolateral medulla and the nucleus tractus solitaries (29) . In this study, we also showed significant changes in NA content in the medulla and in the spinal cord as well as for the DA content. This shows the important contribution of monoamines in the maturation and operation of neural networks and suggests that monoamines could also been involved in the physiopathology of HI. Finally, we propose that disruption of the 5-HT, NA, and DA systems may underlie impairments such as cardiorespiratory, cognitive, and motor deficits, observed 1 wk after the HI insult. In addition, these deficits may also be responsible for motor defects observed in children who have experienced neonatal HI (9).
Other Disturbances
GABAergic and glutamatergic neurons are important for feeding behavior (30) and respiration. The respiratory rhythm is generated by the interaction of two coupled hindbrain oscillators considered to be responsible for respiratory rhythm that contains glutamatergic neurons. Moreover, depressed respiratory frequency and irregular breathing observed in knockout mice for the gene chx10 likely result from insufficient glutamatergic drive to the medullary respiratory network (31) . Concerning feeding, radiofrequency lesions of nondopaminergic neurons of the midbrain produce marked aphagia (32) . In our study, glutamate and aspartate in the brainstem are affected by HI, which may cause respiratory and feeding problems.
Animal Model and Clinical Relevance
The model of neonatal HI as described by Rice et al. (10) . has been extensively used to investigate cognitive and sensorimotor functions; however, it should be emphasized that depending on the age of the insult, the results should be cautiously discussed. Previous studies interested in the 5-HT systems have used the rat model at P3 (6) . Although still debated, P7 as corresponds to a brain development of 34-36 wk gestational age in the human fetus (10, 33) . P3 corresponds to a quite immature brain, and the effects of HI may be different than those observed at P7. The size of the lesion might also be considered since in infants diffuse lesions have been described (21, 34) , whereas in this model, the brain injury affects the ipsilateral hemisphere. Finally, this model induces a wide range of disturbances that resulted from HI lesions including the sensorimotor cortex, but whether this model reflects cerebral palsy can be extensively discussed. Lesions of the cortex may also account for respiratory and motor disturbances observed in HI lesions, but it is difficult to interpret the role of the cortex in the generation of breathing which is acknowledged to be devoted to the brainstem. However, it is very well known that common brainstem areas such as the rostral, dorsal, and inferior ventral pons integrate respiratory control mediated by conscious or unconscious mechanism (35, 36) . This model allows the investigation of possible mechanisms following cerebral injury during the neonatal period, which is critical for the understanding of neonatal HI. Here, we showed for the first time that neurotransmitter systems in the brainstem and in the spinal cord are affected and represent potential targets for future therapeutic treatments.
METHODS
C57/BL6J mice pups of both genders were used in this study. All research was done according to a protocol approved by the Institut de Neurosciences de la Timone ethical committee (authorized number 71) and in accordance with national charter concerning the animal experiment's ethics.
Murine Model of HI encephalopathy, the "Rice-Vannucci Model" On postnatal day 7 (P7), pups were assigned randomly to SHAM or HI groups. Mice were anesthetized using 2% isoflurane inhalation. Surgical procedure was made at room temperature (25 °C) under binocular microscopy within 5 min. The right common carotid artery was isolated and cauterized by bipolar heating forceps. The mice were allowed to recover for 3 h. Mice were then exposed to 8% O2 for 45 min at 37-38 °C (temperature was measured with a thermometer placed in the chamber) in a tightly closed humidified chamber (controlled by Pro-OX sensor). Following hypoxia, pups recovered for 1 h in the same chamber maintained at 37-38 °C breathing room air. SHAM group animals underwent only surgery without carotid artery cauterization and then hypoxia for 45 min like the HI group.
Anatomic Assessment of Cerebral Injury
To evaluate the brain infarct, mice brains were sectioned into coronal slices and immersed in triphenyl-tetrazolium chloride (Sigma Aldrich, Saint-Quentin, France) (13) . Triphenyl-tetrazolium chloride is taken up into living mitochondria, which converts it to a red color. So, after incubation in 37 °C during 30 min, viable tissue stains brick red, and infarcted tissue can be identified by the absence of staining (Figure 1a,b) . One and two weeks after the HI insult, we identified the lesion by macroscopic observation. We then defined two subgroups among the HI group: (i) HI with cerebral infarct in which a lesion could be observed (Figure 1c,d ) and (ii) HI without cerebral infarct which had no macroscopic lesion.
Short-Term Outcome Evaluation
Twenty-four hours after the insult, we counted the number of steps after tail stimulation. We also studied the pup's posture. The postural stability was estimated by the difference in absolute value from the right angle (αR) and left angle (αL) representing the angle between the foot axis and body axis (line between the navel, the anus, and the face (Figure 2a) ). The postural asymmetry was estimated by adding αR and αL angles (absolute values). Finally, we considered the circling behavior.
Mid-Term Outcome Evaluation
To estimate HI mid-term outcome, two behavioral tests were done 7 days (D7) and 14 days (D14) after HI insult.
Beam walking. This test was used to assess motor function estimating hind limbs coordination and balance. The beam-walking apparatus consisted of a wooden circular beam of 90 cm, elevated 50 cm above the floor. Mice were allowed to walk on platforms located at each end of the beam. We calculated the distance (in centimeter) traveled by each mouse on the beam, and we counted the number of hindlimb slips.
Vertical climbing. This test investigated motor skill and labyrinthine functions. It evaluates the ability of mice to climb on a vertical grid. The score "2" is attributed if the animal crosses all the stitches successfully, "1" if it crosses some or if it moves in a side way, and "0" if it crosses none. Every mouse had three trials, and only the best score was kept for analysis.
